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Oxygen permeation measurement is demonstrated, not only for a mixed oxide ionic and electronic
conductor, but also as a new alternative to determine ambipolar conductivities, which can be usually
reduced to be partial conductivities (either ionic or electronic). As a model system and an end member
of an important oxygen permeable La
1ÿx
Sr
x
CoO
3ÿ
dense membrane system, LaCoO
3
dense ceramic
was measured with respect to the thickness, temperature and oxygen partial pressure dependencies of
its oxygen permeability. Within the thickness range used (down to 0.041 cm), the oxygen permeation
of LaCoO
3
was found to be purely controlled by bulk diusion with activation energies between 260±
300 kJmol
ÿ1
. Its ionic conductivity and oxygen self-diusion coecient as functions of oxygen partial
pressure were also derived from permeability data.P
O
2
ÿ0.46
and P
O
2
ÿ0.31
relations were found in the high
pressure (1.01±10
ÿ2
bar) and low pressure (10
ÿ2.8
±10
ÿ3.4
bar) ranges, respectively.
1. Introduction
Mixed ionically and electronically conducting oxides
are important electrode materials in electrochemical
devices such as solid oxide fuel cells (SOFCs) and
gas sensors. They are also under intensive investiga-
tion for use as chemical reactors and gas separation
membranes. The most critical characteristics of these
type of materials are their electrical conductivities,
including total conductivity (
total
), ionic conductivity
(
ion
) and electronic conductivity (
el
). Traditionally,

total
can be easily measured by either direct current
(d.c.) (e.g., d.c. four-probe method) or alternating
current (a.c.) (e.g., complex impedance spectroscopy)
methods. However, the partial conductivities,
ion
and

el
, can only be deconvoluted from 
total
with addi-
tional measurement by other means. One method is
measuring the transference number (t
ion
or t
el
) by a
concentration dierence cell [1, 2]. This is usually suit-
able when t
ion
and t
el
are comparable. If 
el
is much
larger than 
ion
, as in the case of perovskite mixed
conductors, a too small electric potential dierence
makes it dicult to obtain accurate 
ion
values.
Another method is using an electrode to block the
transport of one kind of charge carrier and thus
measure the conductivity of the other [3]. For a pre-
dominantly electronically conducting material, an
electron-blocking electrode such as yttria-stabilized
zirconia (YSZ) may be used. When 
ion
of a mixed
conductor is considerably higher than that of the
blocking electrode, a four-probe measurement may
be necessary [4, 5]. However, there are also some dif-
®culties with this method, such as chemical interaction
between the blocking electrode and the mixed con-
ductor at elevated temperatures [6] and gas leakage
problems. In addition to the above-mentioned two
methods, 
ion
can also be obtained through measuring
oxygen diusivity [7].
In general, direct measurement of partial con-
ductivity of the minority charge carrier of a mixed
conductor is dicult by conventional techniques.
Recently, Riess used a `zero driving force' method to
measure the ionic conductivity of a mixed conductor
[8, 9]. By externally short circuiting a mixed conductor
subjected to an oxygen gradient, its ionic conductivity
can be derived from the current caused by ionic con-
duction. Nevertheless, this method is especially suit-
able for measurement of a P
O
2
-independent oxygen
ionic conductivity. Otherwise, only an average con-
ductivity is obtained. On the other hand, Patrakeev
et al. adopted an oxygen permeation technique and
successfully measured the oxygen partial pressure
dependence of the oxygen ionic conductivity of
YBa
2
Cu
3
O
6
[10]. The measurement was performed
under a small P
O
2
-gradient.
In this study we used, for the ®rst time, an appropri-
ate procedure for oxygen permeation measurement
and data treatment to derive the oxygen partial pres-
sure dependence of the ambipolar conductivity of
LaCoO
3
, which is an end member of the highly
oxygen permeable La
1ÿx
Sr
x
CoO
3ÿ
system. In this
particular case, the ambipolar conductivity is
approximately the ionic conductivity of LaCoO
3
.
This method is analogous to the method suggested
by Wagner in his investigation of metal oxidation
[11].
* To whom correspondence should be addressed at Laboratory for Applied Inorganic Chemistry, Delft University of Technology,
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2. Theory
The scheme of oxygen permeation through a mixed
conductor dense membrane is shown in Fig. 1,
where the oxygen partial pressure at the gas feed
side, P
0
O
2
, is larger than that at the permeate side,
P
00
O
2
. The membrane can be divided into three zones
in the permeation direction, that is, two interfacial
zones at surfaces and an intermediate bulk zone.
The transport directions of related charged species
are also shown in the ®gure. If the permeation is a
volume diusion rate-limited, one-dimensional and
steady state process, an integral form of Wagner's
equation can be applied to calculate oxygen perme-
ability:
j
O
2
 ÿ
RT
4
2
F
2
L

lnP
00
lnP
0

ion

el

total
d lnP 1
where, 
ion
, 
el
and 
total
are the ionic conductivity,
the electronic conductivity and the total conductivity
of the membrane, respectively.R is the gas constant,
F the Faraday constant, and L the membrane thick-
ness. The integrated term 
ion

el
=
total
is de®ned as
the ambipolar conductivity 
amb
of the membrane,
which is generally a function of oxygen partial pres-
sure. It may also be written as

amb


ion

el

ion
 
el


ion

el

total
 t
ion

el
 t
el

ion
 t
ion
t
el

total
2
Therefore,
j
O
2

RT
4
2
F
2
L

lnP
0
lnP
00

amb
Pd lnP 3
If the oxygen partial pressure at one side, for instance
P
0
, is ®xed, measuring the isothermal oxygen perme-
ability j
O
2
as a function of P
00
, then 
amb
P
00
 can be
obtained by

amb
P
00
  ÿ
4
2
F
2
L
RT
@ j
O
2
@ lnP
00
 
P
0
 constant
4
Similarly, 
amb
P
0
 can be obtained by ®xingP
00
and
varying P
0
.
It should be emphasized again that Equations 1, 3
and 4 hold only if the total oxygen transport is pre-
dominantly controlled by the bulk volume diusion
process. This is, in principle, always true when the
membrane is thick enough and the diusion along
grain boundaries are negligible. In practice, however,
the thickness of a mixed conductor can not be
increased inde®nitely. Therefore, the ®rst step is to
ensure that the thickness of the membrane satis®es
the condition of the bulk diusion control. This can
be done by checking the thickness dependence of the
oxygen permeability.
3. Experimental details
3.1. Preparation of dense compacts of LaCoO
3
AR grade La(NO
3
)
3
 6H
2
O and Co(NO
3
)
3
 6H
2
O
were weighed in a 1 : 1 molar ratio and dissolved in
a small amount of distilled water (solution 1). In a
slurry of EDTA (Titriplex II) in water, ammonia
was added until the EDTA was dissolved completely.
The amount of EDTA was taken in the ratio of 3 mole
EDTA per mole LaCoO
3
. After the EDTA was dis-
solved, the pH was adjusted to about 8.5 (solution
2). Solution 2 was added to solution 1, and the ®nal
solution was adjusted to a pH of 8±9. The solution
was stirred on a hot plate until it became rather vis-
cous. It was then transferred to a beaker and evapo-
rated in a furnace at 2508C. During the evaporation
a foam developed on top of the solution. Upon further
heating this foam pyrolysed into a ®ne powder.
The powder was calcined at 9008C for 16 h in air
and then was ball milled for 2 h. It was then pressed
uniaxially at 170 kPa, and then isostatically pressed
at 400MPa. The density of the obtained green com-
pacts was 54% of the theoretical density of LaCoO
3
.
The compacts were sintered in air at 11508C for
10 h with heating and cooling rates of 1.58Cmin
ÿ1
.
Finally, completely crack-free LaCoO
3
discs with
relative densities of about 98% were obtained. These
were identi®ed by XRD as of perovskite structure.
The discs were cut and polished on a 1000 mesh
sand paper to ®nal sizes of 1.5 cm in diameter and
thicknesses from 0.041 cm to 0.233 cm for oxygen
permeation.
3.2. Oxygen permeation measurement
The oxygen permeation of four sintered LaCoO
3
discs
with dierent thicknesses (0.041, 0.098, 0.16 and
0.233 cm, respectively) were measured in the tempera-
ture range 1000±11008C. The setup and working
principle have been described elsewhere [12]. In this
study, Supremax glass rings (Schott, Nederland BV),
instead of Duran, were used to seal the discs into
the reactor. To be close to one-dimensional diusion,
the side walls of the specimens were coated with ®ne
Duran glass powder by painting and in situ heating.
An oxygen/nitrogen gas mixture was fed to one side
(60mlmin
ÿ1
), while the other side was ¯ushed with
high purity helium gas (P
O
2
 4 10
ÿ5
bar) at con-
trolled ¯ow rates (5±50mlmin
ÿ1
). Oxygen concen-
tration and the amount of oxygen permeating
Fig. 1. A scheme of oxygen permeation through a dense membrane.
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through a specimen were determined by online gas
chromatography (Varian model 3400) at the gas
outlet of permeate side. In the mean time, the
oxygen partial pressures at gas outlets for both sides
were monitored by oxygen gas sensors working at
700 8C. The oxygen partial pressure P
O
2
at the feed
side was controlled by changing the ¯ow rate ratio
f
O
2
=f
N
2
 f
O
2
 f
N
2
 60mlmin
ÿ1
), while P
O
2
at the
permeate side was controlled by varying the helium
sweep rate. If a constant-stirring-tank-reactor (CSTR)
condition could be achieved, theP
O
2
at the gas outlets
were equal to those on the surfaces of the specimen.
According to studies performed in our laboratory,
the CSTR condition seems to hold under our
measurement conditions. Based on a numerical solu-
tion of non-one-dimensional diusion, corrections
were made for oxygen permeability data deviation
caused by the sealing, and thus the dierent active sur-
face areas on the two sides of the discs [13].
4. Results and discussion
The temperature dependencies of the oxygen perme-
ation of three LaCoO
3
specimens with dierent thick-
nesses are shown in Fig. 2. It can be seen that, owing
to small oxygen vacancy concentration in LaCoO
3
, its
oxygen permeability is about one order of magnitude
lower than that of strontium-doped LaCoO
3
[14].
The activation energies are from 260 kJmol
ÿ1
to
300 kJmol
ÿ1
. They are very close to reported activa-
tion energies of oxygen tracer diusion coecients
for LaCoO
3
[15], suggesting that the rate limiting
step for the oxygen permeation is bulk diusion.
Although the activation energy seems to increase
with increasing thickness, a de®nite correlation
between them can not be derived here due to the
small measurement temperature range (i.e., 1000±
1100 8C) in this study and, hence, the relatively large
errors in the derived activation energy values.
The most convincing evidence concerning the rate
limiting step for the oxygen permeation comes
from the permeability-thickness relationship. Figure
3 shows the thickness dependencies of the oxygen per-
meation of LaCoO
3
at 1000 8C and 1100 8C under
®xed oxygen partial pressures at both sides. The two
lines of the log j
O
2
ÿ logL relation have slopes of
ÿ1.05 and ÿ1.04. Considering experimental errors,
for instance, the error in measuring the surface areas
or the incomplete coverage of side walls by glass
powders, the slopes derived here indicate an exactly
inverse proportionality relation between the oxygen
permeability ( j
O
2
) and the thickness (L) of the
LaCoO
3
membrane. Therefore, the oxygen perme-
ation of LaCoO
3
membranes thicker than 0.041 cm
must be purely controlled by bulk diusion. This con-
®rms the conclusion obtained from the activation
energy, and guarantees the validity of calculating the
ambipolar conductivity of LaCoO
3
by Equation 4
thereafter, as long as the LaCoO
3
membrane thick-
ness is greater than 0.041 cm.
Figure 4 shows relations between the oxygen per-
meability of a 0.16 cm thick LaCoO
3
disc and the
oxygen partial pressures at the feed side (P
0
) (Fig.
4(a)) and permeate side (P
00
) (Fig. 4(b)). By poly-
nomial ®tting (order 3 for P
0
dependence, order 2
for P
00
dependence), smooth j
O
2
±logP relation curves
were drawn as shown. From local slopes of the
curves, the ambipolar conductivity (
amb
 t
i

el
) at
an oxygen partial pressure may be calculated accord-
ing to Equation 4. It is found that the order of magni-
tude for 
amb
at 900 8C is 10
ÿ3
S cm
ÿ1
. Since the
electronic conductivity (
el
) of LaCoO
3
at 1000 8C is
as high as 10
3
S cm
ÿ1
[16], its ionic transference
number t
ion
should be much less than unity and the
derived ambipolar conductivity of LaCoO
3
must be
equal to its ionic conductivity. The conductivity calcu-
lation results are shown in Fig. 5. It can be seen that
the ionic conductivity of LaCoO
3
decreases with
increasing oxygen partial pressure. Obviously, this is
due to the fact that the oxygen ionic conduction of
LaCoO
3
proceeds through a vacancy mechanism
and an increase in oxygen partial pressure lowers the
Fig. 2. The temperature dependence of the oxygen permeation of
LaCoO
3
. Thickness and P
0
±P
00
: (g) 0.041 cm, 0.21±0.0040 bar;
(l) 0.098 cm, 0.21±0.0017bar; (6) 0.233 cm, 0.21±0.0011 bar.
Fig. 3. The thickness dependence of the oxygen permeation of
LaCoO
3
. Temperature and P
0
±P
00
: (l) 1100 8C, 0.21±0.0069 bar;
(6) 1000 8C, 0.21±0.000 81 bar.
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oxygen vacancy concentration in LaCoO
3
. Unlike
aliovalent element doped LaCoO
3
such as
La
0:4
Sr
0:6
CoO
3ÿ
, where the oxygen vacancy concentra-
tion is mainly determined by doping level, the oxygen
vacancy concentration in the undoped material depends
strongly on the oxygen partial in the ambient. It is also
noted that the lowpressure (P
00
) dependencies (Fig. 4(b))
measured under two ®xed high pressures (P
0
 1.01bar
andP
0
 0.21bar) gives rise to almost identical conduc-
tivity values. This re¯ects a good accuracy of this
method. A smooth ionic conductivity±logP curve can
be drawn by a polynomial ®tting in the whole measure-
ment partial pressure range (10
ÿ3:4
±1.01bar) and can be
described by

ion
P  2:904ÿ 3:495 logP 1:770 log
2
P
ÿ 0:807 log
3
P  10
ÿ4
S cm
ÿ1
5
According to the Nernst±Einstein relationship, the
oxygen self-diusion coecient D
O
in LaCoO
3
can
also be calculated from its oxygen ionic conductivity.
A double logarithmic ®gure of the ionic conductivity
and the oxygen self-diusion coecient as functions
of oxygen partial pressure is plotted in Fig. 6. There-
fore, a power pressure dependence relation (i.e.,
ion
(or D
O
) / P
ÿ0:46
O
2
) is obtained in the pressure range
1±10
ÿ2
bar. This agrees well with the pressure depen-
dence of the nonstoichiometry of LaCoO
3
( / P
ÿ0:5
O
2
)
obtained from thermogravimetric measurement [17]
and a coulometric titration method [18]. This implies
Fig. 4. The oxygen partial pressure dependence of the oxygen per-
meation of a 0.16 cm thick LaCoO
3
membrane at 10008C, (a)
high pressure (P
0
) dependence; (b) low pressure (P
00
) dependence.
The ®xed pressures are given in ®gures.
Fig. 5. The oxygen partial pressure dependence of the ionic conduc-
tivity of LaCoO
3
at 1000 8C calculated according to Equation 4.
Marks (T) and (g) represent the results from low pressure depen-
dence while P
0
 1.01 bar and P
0
 0.21 bar, respectively, while
(6) represents results from high pressure dependence whenP
00

0.000 445 bar.
Fig. 6. Double logarithmic relations of log
ion
±logP
O
2
and
logD
O
±logP
O
2
relation of LaCoO
3
at 1000 8C. Marks (T) and
(g) represent the results from low pressure dependence while
P
0
 1.01 bar and P
0
 0.21 bar, respectively. Mark (6) represents
results from high pressure dependence whenP
00
 0.000 445 bar.
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that all oxygen vacancies are fully ionized and domi-
nate the oxygen ion transport. In addition, the order
of magnitude of D
O
is in a good agreement with
that obtained by gas±solid isotopic exchange tech-
nique for single crystal LaCoO
3
[15], meaning that dif-
fusion, not through grain boundaries, but through
grain bulk plays a predominant role. The pressure
dependence may be explained by the point defect equi-
libria in this system. Electrical conductivity and See-
beck coecient measurements [19, 20] showed the
metallic electrical properties of LaCoO
3
. This is
caused, especially at high temperatures, by a nearly
complete charge disproportionation of Co(III):
2Co
6
Co
ÿÿ*
)ÿ Co
=
Co
Co

Co
6
Thus,
K
Co

Co
=
Co
Co

Co

Co
6
Co

2
7
where K
Co
is the equilibrium constant of Equation 6
which is independent of P
O
2
. An oxygen atom may
incorporate two electrons from two Co
2
and an
oxygen vacancy site:
1
2
O
2
 2Co
=
Co
V
 
O
ÿÿ*
)ÿ O
6
O
 2Co
6
Co
8
The mass action law gives
K
V

O
6
O
Co
6
Co

2
V
 
O
Co
=
Co

2
P
1=2
O
2

3ÿ V
 
O
Co
6
Co

2
V
 
O
Co
=
Co

2
P
1=2
O
2
9
where K
V
is the equilibrium constant, which is also
independent of P
O
2
. Since the oxygen vacancy con-
centration V
 
O
 in LaCoO
3
is very small, the Co
2

consumed in Equation 8 must be very small. Also,
3ÿ V
 
O
  3 should hold. This means that Co

Co
 
Co
0
Co
, and Equation 9 can be reduced to
K
V

3
V
 
O
P
1=2
O
2
K
Co
10
Therefore, from Equation 10, relations V
 
O
 / P
ÿ1=2
O
2
and 
ion
(or D
O
) / P
ÿ1=2
O
2
can be easily derived.
In the oxygen partial pressure range 10
ÿ2:8
±
10
ÿ3:4
bar, Fig. 6 gives a relation 
ion
(or D
O
) /
P
ÿ0:31
O
2
. This is in agreement with the results from
oxygen tracer diusion coecient measurements.
Ishigaki reported a pressure dependence of the
tracer diusion coecient of LaCoO
3
at 950 8C that
D

O
is proportional to P
ÿ0:35 0:04
O
2
[15]. Furthermore,
a study of nonstoichiometry in LaCoO
3
also sup-
ported a levelling-o trend of log
ion
 in the low pres-
sure range [17]. However, the mechanism behind the
deviation from P
ÿ1=2
O
2
dependence is not yet clear.
5. Conclusions
The oxygen partial pressure dependence of the
ambipolar conductivity of a mixed conductor can be
obtained by means of oxygen permeation measure-
ment with appropriate measurement procedures. The
oxygen permeation of dense LaCoO
3
membranes
thicker than 0.041 cm is controlled by bulk diusion.
The power pressure dependencies of the ionic conduc-
tivity and oxygen self-diusion coecient for LaCoO
3
are 
ion
(or D
O
) / P
ÿ0:46
O
2
in the oxygen partial pres-
sure range 1±10
ÿ2
bar, and 
ion
(D
O
) / P
ÿ0:31
O
2
in the
pressure range 10
ÿ2:8
±10
ÿ3:4
bar.
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